ArOZn plasma discharges created during DC reactive magnetron sputtering of a Zn target and RF reactive magnetron sputtering of a ceramic ZnO target were investigated and compared by means of the Langmuir probe measurements in order to determine the mechanism of growth of porous Zn lms during DC-mode Zn reactive sputtering. The power supplied to the magnetrons during the sputtering was kept at 125 W and the plasma was characterised as a function of oxygen content in the sputtering gas mixture, ranging from 0 to 60% for two gas pressures related to porous Zn lm deposition, namely 3 mTorr and 5 mTorr. Based on the correlation of plasma properties measurements with scanning electron microscope imaging and X-ray diraction of the lms deposited under selected conditions it was found that the growth of porous, polycrystalline Zn lms was governed by high electron density in the plasma combined with a high electron temperature and an increased energy of the ions impinging on the substrate.
Introduction
There is a growing interest in the fabrication of high surface-to-volume ratio materials due to the strong development of absorption-based devices such as dye sensitized solar cells, as well as chemical and biological sensors. Metal oxides, in particular ZnO have been selected as materials of choice for such applications due to their exceptionally chemically active surfaces enabling their easy functionalization. Furthermore, a wide array of morphologies has been developed including nanoparticles [1] , nanowires [2] , nanobelts [3] and more exotic shapes as nanoforests [4] . ZnO nanostructures with porous morphology were recently demonstrated by our group using reactive magnetron Zn sputtering [5] . Therein it was shown that under specic process conditions applied to reactive DC-sputtering of a Zn target (process pressures ≤ 3 and 17% oxygen content in the sputtering mixture) a porous Zn lm grew instead of the expected dense ZnO lm. Subsequent RTP annealing in an oxygen ow at 400
• C transformed the Zn lm into porous ZnO. It has to be noted that to the best of our knowledge these nanostructures are the only sputter deposited ZnO nanostructures, proting from the high level of purity and process control of this technique as well as from its scalability and compatibility with industrially used coating processes. Therefore, the understanding of their growth mechanism is relevant as it may be applied to the sputtering of other material systems leading to the creation of new nanostructures. * corresponding author; e-mail: mbory@ite.waw.pl
In this paper we discuss the mechanism standing behind the growth of porous Zn during Zn reactive sputtering, using observations of the electrical properties of the plasma, studied by means of a Langmuir probe and optical emission spectroscopy, respectively. A wide range of growth conditions is applied in order to analyse which yield porous Zn lms and which give dense ZnO lms.
As a reference, RF sputtering of a ZnO target was chosen as it was expected that, in contrast to DC-mode Zn sputtering, there would be minute changes in its sputtering behaviour and the structure of the deposited lms under the whole range of process parameters used in the experiment. The lms were grown on Si(111) substrates and subjected to structural characterisation using X-ray diraction (XRD) and cross-sectional scanning electron microscopy (SEM).
Experimental details
An ArOZn plasma discharge was maintained through sputtering from 4N-pure Zn and ZnO targets in a 6N-pure argonoxygen mixture from an unbalanced magnetron in DC and RF modes, respectively. The target--to-substrate distance was 15 cm and the substrate was positioned under the target, with the target face at 60
• angle to the substrate surface. The base pressure in the chamber prior to deposition was of the order of 10 −7 Torr.
The power at the target was kept constant at 125 W, both DC and RF (with 0 W reected power in the latter case).
The amount of oxygen in the sputtering gas mixture was changed by varying the oxygen ow from 0 to 15 sccm while maintaining a constant Ar ow of 10 sccm, which resulted in changes in oxygen content in the mixture from 0 to 60%.
(1144) Fig. 1 . The changes in ne with the addition of oxygen into the gas mixture observed for DC and RF plasmas at 3 mTorr and 5 mTorr. plasmas. Based on the results of plasma density measurements performed using the Langmuir probe (see Fig. 1 ), ve process parameter sets were chosen fully spanning the conditions' space, under which thin lms were deposited to study the relationships between the plasma parameters and the resulting lm characteristics. One parameter set was chosen to yield porous Zn thin lm growth (3 mTorr at low oxygen concentration in DC mode as found earlier [5] ) and four others were chosen for low and high oxygen contents both in DC and RF at 5 mTorr.
Table summarizes the deposition parameters of the lms. The lms were deposited onto 1 cm × 1 cm Si (111) substrates kept at oating potential. Initially, the silicon was degreased by boiling in hot trichloroethylene, acetone and IPA, rinsed with deionised water and dried with nitrogen gas. Prior to deposition the substrates were deoxidised by immersing for 30 seconds in a buered HF bath, followed by rinsing and drying as previously. The substrates were not intentionally heated during the deposition process. The lm structure was subsequently investigated using a Phillips X'Pert MPD Pro diractometer working in the θ2θ geometry and a Zeiss Auriga scanning electron microscope in cross-section views.
Results

Langmuir probe measurements
In a low-density plasma, such as the one created during sputtering, the approximation of electric quasi-neutrality generally holds. In this case, the electron density, n e , obtained using the Langmuir probe via the determination of electron temperature, plasma potential, and electron saturation current, may be also thought of as equal to the density of positive ions in the plasma, n i+ . This is the case we assume here and will use the determined electron density as referring both to the negatively charged electrons and positively charged ions and we will therefore call it simply plasma density. In the reported experiment, the density has similar characteristics in the function of oxygen content for dierent pressures for the RF mode, nevertheless they dier signicantly in the DC mode (see Fig. 1 ).
In RF mode the density values are almost constant, being in the range of (24) × 10 This eect may be explained based on an assumption, that at small amounts and low pressures (≤ 3 mTorr) the oxygen does not poison the surface of the target, but stays in the plasma, taking part in the sputtering process, leading also to an increase in the sputtering rate of the material.
From Table it can be seen that the deposition rate can be connected to the plasma density in the DC mode, which strengthens the validity of this assumption.
Furthermore, as it is shown by XRD studies presented in Sect. 3.3, the lm grown under such conditions is a lm dominated by Zn, not ZnO, which leads to the conclusion that in this case limited reaction between O and Zn takes place, which would agree with the hypothesis of O-assisted sputtering.
With further addition of oxygen, above 33% content, the electron concentrations drop to around 1.5 × 10 17 /m 3 at rst and for 60% content they reach 0.9 and 0.8 × 10
17 /m 3 in the case of 3 mTorr and 5 mTorr, respectively. These values are lower than in the case of RF sputtering. This eect has to be due to an increase in the poisoning rate of the target surface with the addition of oxygen, with a faster poisoning for larger absolute number of oxygen atoms, i.e. at 5 mTorr. This increase in poisoning rate observable at 33% can be correlated to the drop in cathode voltages observable for 33% oxygen content at both pressures, an eect which does not take place in RF mode sputtering (see Fig. 2 ). It has to be noted that in the system used, 60% at 5 mTorr pressure is the oxygen content above which stable Zn sputtering in DC mode becomes impossible due to overwhelming target poisoning. Fig. 2 . The changes in cathode voltage with the addition of oxygen into the gas mixture observed for DC and RF plasmas at 3 mTorr and 5 mTorr.
The electron temperature, T e , in the case of DC sputtering lies at the level of around 1 eV (see Fig. 3 ) for pure Zn sputtering and for sputtering at oxygen contents equal to and above 33%. However, at 9% and 17% significant changes occur in the characteristic. A rise (drop) in the temperature is observed to 2.7 eV (0.4 eV) for 3 mTorr (5 mTorr). The T e in the case of RF sputtering at 3 mTorr has a similar characteristic with a peak observed at 17% and at 5 mTorr the characteristic is completely dierent, with the highest T e = 4.2 eV observable for sputtering in pure argon.
The plasma generated at the parameters resulting in porous Zn deposition, i.e. 17% oxygen and 3 mTorr is the highest energetic of the DC plasmas observed in the experiment, not only due to the highest electron temperature, but also due to the largest energy of ions impinging onto the substrate observed for DC mode (see Fig. 4 ).
This energy, extracted from the dierence between the Fig. 3 . The changes in Te with the addition of oxygen into the gas mixture observed for DC and RF plasmas at 3 mTorr and 5 mTorr. As the magnetron is tilted at 60
Scanning electron microscopy
• and the samples were positioned close to the magnetron and not on the axis of the magnetron, this angle may be equal to the angle of sight of the magnetron for the sample. The only plasma parameter signicantly dierent for this sample from the ones for other samples is the plasma density, being the lowest of all. This may yield longer mean free paths of the sputtered species, leading to a more ballistic transport resulting in tilting of the columns instead of the normally observed growth perpendicular to the substrate, that has to be connected solely to the heteroepitaxial relationships.
X-ray diraction
The diraction patterns collected for all the fabricated samples are presented in Fig. 6 . On the other hand, the lm in sample 5 grown at high oxygen content leading to a 2.5-times lower plasma density (n e = 0.8 × 10 17 m −3 ) has a single 00.2 orientation.
It could be therefore concluded that in the case of DC sputtering the plasma density inuences the crystalline structure of the lms signicantly, with high plasma density leading to a growth of polycrystalline ZnZnO lms, medium plasma density leading to a growth of polycrystalline ZnO lms and low plasma density to the growth of single orientation lms. However, it has to be noted here that for the RF mode, the medium density plasma is the only one available in this range of oxygen content and pressure, nevertheless it leads to the growth of single orientation lms. Therefore, a simple model correlating the plasma density to the crystal structure of the deposited lms does not work.
As seen for the RF case, the model leading to the growth of single orientation lms can be supplemented by taking into account the eects of high plasma-substrate bias, i.e. high energy of the impeding ions (see Fig. 4 ).
It is known in the reactive sputter growth of some dense materials, such as TiN, that only under signicant substrate bias leading to increased ion bombardment, the lms will have the desirable orientation and high density [6, 7] . This may be also the case in ZnO RF deposition.
In DC mode we observe no process conditions leading to the simultaneous creation of a medium-density plasma with high substrate bias. High bias is only present in the case of porous lm growth, which was discussed in the previous section. In DC mode the low-density plasma conditions are favourable for the growth of the dense ZnO lms due to the high kinetic energy of the incoming species, however arising not from a high substrate bias, but from less scattering collisions on the way from the target.
Conclusions
The electrical and optical parameters of ArOZn discharges in the processes of DC and RF magnetron sputtering from Zn and ZnO targets were studied in order to examine the mechanism of porous Zn lm formation. We observed that for high density plasmas (≈ 7 × 10 17 /m 3 ) the fabricated lms are porous and polycrystalline Zn whereas for lower density plasmas the lms are columnar and polycrystalline ZnO with a dominating orientation of 00.2. It is also worth pointing out that for low density plasmas (≈ 0.8 × 10
17 /m 3 ), the columnar structure was found to be tilted with relation to the substrate surface, while normally the columns grow perpendicular to it. This eect was connected to the changes in mean free path of the sputtered species with changes in the plasma density. During porous lm growth, a signicant energy of the impinging ions was registered which is also expected to take a relevant part in the determination of the porous morphology as discussed. It was shown that DC-mode reactive Zn sputtering allows to cover a broader range of plasma densities, whereas RF-mode reactive ZnO sputtering showed medium-valued densities regardless of the process conditions.
